ABSTRACT Eight ribosomal proteins, L9, Lll, L15, L17, L18, L19, L23, and L29, have been localized on the surface of the 50S subunit from Escherichia coli by immunoelectron microscopy. The specificity of the antibody binding site was demonstrated by stringent absorption experiments. For each protein, the antibody attachment site was localized on the two characteristic views of the SOS subunit. Thus, each protein could be located in a confined region on the three-dimensional structural model of the 50S subunit.
The topography of the ribosomal proteins of the 30S subunit has been thoroughly studied by immunoelectron microscopy (1-3) and by neutron scattering studies (4) . Although the 50S subunit was the first to be studied by immunoelectron. microscopy (5, 6), relatively little information on the distribution of ribosomal proteins on the 50S subunit is available. Proteins L7/L12 have been localized on the rod-like appendage (7) (8) (9) (10) and protein Li has been located on the wider lateral protuberance (11) . More recently Lake and Strycharz (12) have reported the locations of proteins Li, L17, and L27. We report here the localization, obtained by immunological techniques, of eight more proteins of the 50S subunit, resulting in a better understanding of the structure and function of the 50S subunit.
MATERIALS AND METHODS Preparation of Ribosomes and Ribosomal Proteins. 70S ribosomal tight couples from Escherichia coli MRE 600 were isolated as described (13) . 50S ribosomal subunits were prepared by zonal centrifugation (14) and concentrated by high-speed centrifugation (13) . Ribosomal proteins were extracted with acetic acid; single ribosomal proteins prepared according to Hindennach et al. (14) were obtained from H. G. Wittmann.
Preparation and Characterization of Antisera. Antisera against single ribosomal proteins were raised and characterized as described (15, 16) . The IgG fraction was purified from these sera as described (17) and also by chromatography on protein A-Sepharose. Affinity chromatography was performed for antiLii and anti-L29 after conjugating the corresponding proteins to CNBr-activated Sepharose Cl 4B (18) .
Electron Microscopy. Samples for electron microscopy taken directly from the sucrose gradients were applied to the grids using the double-layer carbon technique (6) , and the specimens were negatively contrasted with 0.5% uranyl acetate. Photographs were taken at an instrumental magnification of 110,000 in a Philips EM 301 operated at 80 kV. RESULTS
Specificity of the Antibody Preparations Used. The specificity of all antibody preparations used in this study was dem- onstrated by using the techniques described below for anti-Lll. On incubation of 50S ribosomes with increasing amounts of antiLll, the amount of dimeric immunocomplexes increased as judged by sucrose gradient centrifugation (for a representative profile see Fig. la ). The formation of dimeric immunocomplexes was decreased in the presence of isolated protein Lli ( Fig. 1 b and c) and was completely abolished when the antibody was incubated with 300 pmol (5 ,ug) of isolated protein Lll (Fig. ld) . Stoffler et al. (19) have described mutants from E. coli that lack protein Lii. Incubation of anti-Lll with up to 100 ,ug of total ribosomal protein (TP70) from one of these mutants (AM68) had no effect on the dimer formation ( Fig. 1 k- 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. m), while TP70 from wild type completely inhibited the formation of 50S-IgG-50S complexes ( Fig. 1 f-h) . Thus, the dimer formation is due neither to antibodies specific for a ribosomal protein other than Lii nor to crossreacting antibody but depends exclusively on the reaction of L11-specific antibodies with epitopes of protein Lii that are exposed on the surface of intact 50S subunits. The specificity of antibodies against proteins L15, L19, and L29 was also tested with total ribosomal proteins from mutants that lacked the respective protein (for refs. see ref. 11). In the studies with-antibodies to proteins L9, L17, and L18, mixtures of TP70 lacking the respective protein were prepared from purified proteins. A mixture of TP70 lacking protein L23 was not available. Electron Microscopy. Two projections of 50S subunits can be readily observed, the crown view and the kidney view. By assuming that both views are approximately orthogonal projections of a unique three-dimensional structure, it was possible to generate three-dimensional subunit models (3, 6, 7, i1, 20, 21) . This assumption was recently experimentally confirmed by three-dimensional electron microscopy (22) . The archetype of the current 50S model was first proposed by Lake (20) and is in good agreement with the models proposed by Hoppe (22) , Vasiliev et al. (21) , and Stoffler and colleagues (3, 11) . Because these models do not completely agree on the nomenclature of the typical structural features, they are summarized in Fig. 4b .
The following results demonstrate the binding site of each antibody on both the crown and the kidney projection. Furthermore, 50S-IgG-50S complexes in which a crown view is combined through a single IgG molecule with a kidney view were used to demonstrate the identity of the epitopes on the two views and to allow a three-dimensional localization of the proteins on the 50S ribosomal subunit.
Protein L9. Fig. 2a shows dimeric immunocomplexes; monomeric immunocomplexes were rare. 50S subunits connected by pairs of antibody molecules were frequently observed; this implies that at least two epitopes of protein L9 are exposed on the 50S subunit surface. Because the Fab arm of an IgG molecule is -3.5 nm in diameter, the two epitopes must be at least 3.5 nm apart. The resolution of immunoelectron microscopy is, however, too low to distinguish between the two sites. The enlarged electron micrographs and the schematic drawing show the antibody binding site on both crown and kidney projections. In the crown view, the antibody attaches around the LI protuberance but not at its tip. The Fab arm of the connecting antibody is frequently only partly visible, and its binding site is thus not located at the contour line of the crown projection. In the kidney projection, the antibody attaches at the bulge between the notch and the blunted end, on the side that faces the 30S subunit in the 70S monosome (interface). The two sites correspond to the same epitope in 'the three-dimensional struc- (Fig. 2b) . This region has therefore been named "Lu-domain." In the immunocomplexes obtained with anti-Lu, kidney views were more frequently observed than in standard 50S preparations. In this view, antibody attachment was observed on the notched side close to the pointed end. These results are compatible with the location of protein Lii shown in Fig. 2b .
Protein L15. Approximately 55% of the dimeric immunocomplexes were simultaneously connected by pairs of IgG molecules, which frequently obscured the exact location of the antibody binding site. In the crown view, antibodies attached in a-region stretching from the central protuberance to the LI proa *... Proc. Natl. Acad. Sci. USA 80 (1983) .,,:
tuberance. Generally, the Fab arm of the connecting IgG molecule was only partly visible. In the kidney projection, which was rarely observed, antibody binding was on the convex side of the particle near to the pointed end (Fig. 2c) . From these data we concluded that protein L15 is located at the angle formed between the central and the Li protuberance.
Protein L18. Monomeric and dimeric immunocomplexes were predominantly displayed in the crown projection, in which the antibody exclusively bound to the central protuberance (Fig.  2d) . 50S subunits simultaneously connected by two IgG molecules were not observed. In the kidney projection, antibody binding is observed at the pointed end on the side that in 70S ribosomes faces the 30S subunit. Based on these data, protein L18 can unambiguously be localized at the central protuberance.
Protein L17. 50S particles without IgG molecules attached to them were frequently observed (Fig. 3a) . After sucrose gradient centrifugation of antibody-ribosome complexes with anti-L17, a shoulder was found as opposed to a clearly separated dimer peak. Most of the ribosomes from this fraction were free of IgG. This may reflect a low binding constant of the antibody molecule. In the crown view, the antibody attachment site was observed at the base of the 50S subunit, slightly displaced from the central point of the base toward the L7/L12 stalk. In the kidney projection, anti-L17 binds at the blunted end at the convex side of the particle. Immunocomplexes simultaneously connected by a pair of IgG molecules have not been observed. Our data are consistent with the location of protein L17 given by Tischendorf et al. in 1974 (6) at the surface of the 50S particle, which in the 70S ribosome faces the cytoplasm.
Protein L23. In the crown projection, the antibody attachment site is observed at the base of the 50S subunit, displaced from the central point of the base toward the Li protuberance (Fig. 3b) . In the kidney projection, anti-L23 binds at the back of the particle at the extremity of the blunted end. The Fab arm of the IgG molecule was not fully visible in either projectional form, which indicated that its binding site is not located at the contour line of either projection. Occasionally, immunocomplexes were observed that had two IgG molecules bound simultaneously. Our interpretation of these electron micrographs leads to a three-dimensional location of protein L23 on the back of the 50S subunit in a region quite distinct from the location of protein L17 (compare Fig. 3 a and b) .
Protein L29. Of the 50S immunocomplexes, 80% were dimers and 20% were monomers. Immunocomplexes simultaneously connected by two antibody molecules were also observed. In the crown projection, antibody binding was at the base of the particle, approximately half way between the central point of the base and the Li protuberance (Fig. 3c) . In the kidney projection, antibody binding was observed at the convex side of the blunted end. Based on these data, protein L29 can unambiguously be localized at a unique site on the back of the 50S subunit near and slightly above the location of protein L23 (compare Fig. 3 b and c) .
Protein L19. About two-thirds of the subunits were present in dimeric immunocomplexes connected by either one or a pair of IgG molecules; 12% were present as monomeric immunocomplexes. In the crown projection, the antibody molecule bound at the base of the particle approximately half way between the central point of the base and the Lii domain. In the dimeric immunocomplexes, kidney projections were more frequently observed than with standard 50S preparations. On kidneys, the antibody bound to the interface side of the 50S particle between the notch and the blunted end (Fig. 3d) . From these data, it can be concluded that protein L19 is located at a unique site of the 50S particle quite distinct from the location of protein Lii (compare Figs. 2b and 3d) . A more detailed study on the location of protein Li9 will be described elsewhere.
DISCUSSION
In the present study, proteins L9, Lii, L15, L18, Li9, L23, and L29 were localized on the surface of the 50S subunit by immunoelectron microscopy. Proteins Li and L7/L12 had been previously localized by ourselves (5, (9) (10) (11) and by others (7, 8, 12) . Protein LIO has been mapped on 50S subunits and on core particles lacking proteins L7/L12 (23) and was not included in this study. The protein locations so far determined by this work and by previous work are summarized in Fig. 4a .
The locations of proteins L1, L17, and Li9 (5, 6) on a less asymmetric 50S model can be reinterpreted in terms of our present data. Two of these proteins have recently been mapped by Lake and Strycharz (12) on comparable positions of their model. There are, however, discrepancies between our previous and present data for proteins L18 and L23 (6) (12) . (b) Diagrammatic representation and nomenclature of the two characteristic projections ofthe 50S ribosomal subunit fromE. coli: crown form (Left) and kidney form (Right). The Li protuberance has also been termed "ridge" and the angle formed between the Li protuberance and the central protuberance "valley" (12) . "Convex side" is used as synonym for "back." For the opposite side, the terms "notched side" or "interface side" are used.
Biochemistry: tical with the ones shown in Fig. 2d , but they were misinterpreted formerly because of the use of the less asymmetric SOS model. The binding sites of anti-L23 shown by Tischendorf et al. (6) are different from those in Fig. 3b , possibly because of the use of a contaminated antibody preparation. The qualitative absorption experiments with purified single proteins used at that time are now recognized to be inadequate for demonstrating the specificity of the antibody preparation used.
From the locations of 12 proteins of the 50S subunit that have been mapped on the 50S ribosomal subunit, the following picture has emerged. The ribosomal proteins seem to be clustered in several distinct domains on the surface of the 50S subunit. One domain comprises proteins L7/L12, L10, and Lii, which are all directly or indirectly involved in the binding of protein synthesis factors such as initiation factor (IF)-2, elongation factor (EF)-G, EF-Tu, release factor (RF)-i, and RF-2. This interpretation is supported by the immunoelectron microscopic localization of and of the antibiotic thiostrepton (25) in this domain as well as by various crosslinking studies between factors and ribosomal proteins (for refs. see ref. 26 ).
The 3' end of 5S RNA and the 5S RNA binding protein L18 have been mapped on the central protuberance. Preliminary data also assign proteins L5 and L25, which also bind to the 5S RNA, to the central protuberance (3, 23) . Epitopes of proteins L15 (this paper) and L27 (12) are also on the central protuberance, and these proteins play a role in the peptidyltransferase activity (27) . Protein L23, which has been labeled by various analogues of puromycin (28, 29) , is however, not located in this domain. In this respect, our data are in agreement with reconstitution experiments, which indicate no role for this protein in the reconstitution of the peptidyltransferase activity (27) . More generally, our data agree well with the 50S assembly map.
For example, both demonstrate the location of proteins Li and L9 in a common domain. A more detailed comparison of our mapping data with topographical data obtained by other techniques will be described elsewhere.
